We discuss the relic density of the lightest of the supersymmetric particles in view of new cosmological data, which favour the concept of an accelerating Universe with a non-vanishing cosmological constant. The new bound on the Cold Dark Matter density, Ω CDM h 2 0
0.22, puts stringent constraints on supersymmetry preferring low supersymmetry breaking scales, in sharp contrast to electroweak precision measurements favouring large supersymmetry breaking scales. Supersymmetric predictions are in agreement with cosmological data and electroweak precision data in the window of the parameter space: m 0 < 200 GeV, 300 GeV < M 1/2 < 400 GeV, putting bounds on sparticle masses.
Pacs numbers: 95.35.+d, 95.30.Cq, 11.30.Pd Typeset using REVT E X Recent observations of type Ia supernovae (SNIa) put new constraints on the cosmological parameters. The data favour an almost flat and accelerating Universe, where the acceleration mainly is driven by a large cosmological constant.
There is a growing consensus that the anisotropy of the Cosmic Background Radiation (CBR) offers the best way to determine the curvature of the Universe and hence the total matter-energy density Ω 0 [1] . The data are consistent with a flat Universe, since Ω 0 = 1.0 ± 0.2 [1, 2] , and the radiation content of the matter-energy density, that is contribution coming from CBR and/or ultra relativistic neutrinos, is very small. Therefore the present matter-energy density can be decomposed basically into two components: the matter density Ω M and the vacuum energy Ω Λ :
There is supporting evidence, coming from many independent astrophysical observations, that the matter density weighs Ω M = 0.4 ±0.1. Recently two groups, the Supernova Cosmology Project [3] and the High-z Supernova Search Team [4] , using different methods of analysis, each found evidence for accelerated expansion, driven by a vacuum energy contribution:
So, for Ω M = 0.4 ± 0.1 this relation implies that the vacuum energy is non-vanishing, Ω Λ = 0.85 ± 0.2, value which is compatible with a flat Universe, as the anisotropy of CBR measurements indicate. Taking into account the fact that the baryonic contribution to the matter density is small, Ω B = 0.05 ± 0.005, the values for matter energy density Ω M result to a Cold Dark Matter (CDM) density Ω CDM ≃ 0.35 ± 0.1, which combined with more recent measurements [1, 5] of the scaled Hubble parameter h 0 = 0.65 ± 0.05, result to small CDM relic densities:
Such stringent bounds for the CDM relic density do affect supersymmetric predictions and can severely lower the limits of the effective supersymmetry breaking scale and hence the masses of the supersymmetric particles, as first emphasized in Ref. [6] . It is perhaps worth pointing out that while electroweak (EW) precision data are in perfect agreement with Standard Model (SM) predictions, and hence in agreement too with supersymmetric models characterized by a large supersymmetry breaking scale M SUSY [7] , the data on Ω CDM h 0 2 push M SUSY to the opposite direction favouring small values of M SUSY . Therefore EW precision data may not reconcile with the assumption that the lightest supersymmetric particle (LSP orχ), is a candidate for CDM.
In R-parity conserving supersymmetric theories the LSP is stable, and for most of supersymmetric models is the lightest neutralino, which is a good candidate for the CDM particle [8] . Many authors [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] have calculated the relic neutralino density. In the early works, only the most important neutralino annihilation channels were considered, but later works [18, 19] included all annihilation channels. Also more refined calculations of thermal averages of cross sections were employed, which took into account threshold effects and integration over Breit-Wigner poles [25, 26] .
Our study in this letter is based on the constrained supergravity (SUGRA) scenario, assuming universal boundary conditions for the soft breaking parameters at the unification scale M GUT 1 . It is also assumed that the EW symmetry is radiatively broken [27] . The calculation of the neutralino relic density basically consists of the following three parts:
First the SUSY particle spectrum and the relevant couplings are generated, according to the supersymmetric scenario mentioned above. Then the thermally averaged cross section σv rel of each of the annihilation processχχ → X Y is calculated in its non-relativistic limit, using analytic expressions. Finally, the Boltzmann equation, which governs the evolution of the neutralino density as the Universe cools, is numerically solved by using very accurate numerical routines able to handle stiff problems.
The Boltzmann transport equation for the neutralino number density is:
where n is the number ofχ's per unit volume, n 0 is their density in thermal equilibrium and H is the expansion rate of the Universe. Using the fact that the total entropy S = h T 3 R 3 is conserved and defining the quantity q(x) ≡ n(T ) T 3 h(T ) with x ≡ T /mχ, this differential equation can be cast into a form suitable for numerical manipulations [10] :
where
The functions g(T ) and h(T ) appearing in the equation above, are the effective energy and entropy degrees of freedom respectively, and they determine the Universe energy and entropy density through the relations:
Solving Eq. (5) we obtain the q(x 0 ), where x 0 ≡ T 0 /mχ corresponds to today's Universe temperature T 0 ≈ 2.7 0 K. Using that q ≡ n(T ) T 3 h(T ) , Ωχ = ρχ ρ crit and ρ crit = 3H 2 0 8πG N , we determine the present value of neutralino relic density Ωχ h 2 0 from the equation:
Before solving the Boltzmann equation we need to calculate the effective degrees of freedom functions g(T ) and h(T ), as well as the thermally averaged cross section σv rel , which enter into Eq. (5) . Regarding the calculation of the functions g(T ) and h(T ), the content of the particles in equilibrium is different depending on the temperature T . In our analyses we use the expressions for g(T ), h(T ) as given in Ref. [17] . Especially in the region 40 MeV < T < 2.5 GeV, where the quark-hadron phase transition takes place, we use the values given in Ref. [10] for a critical temperature T c = 150 MeV. For a critical temperature T c = 400 MeV, also quoted in that reference, we have not observed a substantial change in the final results regarding the LSP relic density. Recent lattice QCD results indicate that a first order phase transition takes place during the hadronization [28] . Using the corresponding data for the energy and entropy densities [29] , no significant change is observed in our final results, as it has been also noticed in Ref. [10] .
Next we turn to the calculation of σv rel . At this point we follow Ref. [18] and express the non-relativistic cross sections for the various annihilation processesχχ → X Y , in terms of helicity amplitudes. We follow the standard treatment and ignore contributions of all channels, which are forbidden at zero relative velocity v rel of the two annihilating χ's. This approximation is not expected to invalidate significantly our results. So we consider only the contributions of channels with non-supersymmetric particles in the final state:
qq, ll, W + W − , ZZ, ZH, Zh, ZA, W ± H ∓ , HH, hh, Hh, AA, HA, hA, H + H − .
q and l denote quarks and leptons respectively, while H, h, A and H ± denote the heavy, light, pseudoscalar and charged Higgses respectively. In our analysis we have not studied neutralino-stau coannihilation effects [23, 24] , which if included can lower the values of the neutralino relic density. Although important coannihilation processes are of relevance for values of the parameters near the edge, whereχ andτ R are almost degenerate in mass, occupying a small portion of the parameter space.
It is well known that the non-relativistic expansion in the relative velocity v rel breaks down near thresholds or poles of the cross sections, and in these cases, results based on this expansion are unreliable. For this reason near such points, instead of expanding in powers of v rel some authors [15, 19] prefer to integrate numerically the cross sections to obtain the thermal averages σv rel . The details of this approach is described in Ref. [25, 26] . Doing so the problem of thresholds and poles is avoided, at the expense however of making the computational code extremely slow and CPU time consuming due to the numerical integration involved. For the sake of the effectiveness of our computational code we have chosen to use analytic results, in order to calculate the amplitudes of the processes contributing to thermally averaged cross section σv rel . We locate the points of the parameter space of the MSSM, which result to pole and/or thresholds of the cross section, using "near pole" and "near threshold" criteria. The comparison of our results with those of other studies, which treat the problem of poles and thresholds in a more accurate manner, shows that they are in striking agreement. This occurs, at least, in regions of the parameter space of MSSM where this comparison is feasible. At this point it should be noted that the presence of poles and thresholds affects the predictions only at isolated points of the parameter space, and therefore has little effect on the overall dependence of the neutralino relic density Ωχ h 2 0 as function of the supersymmetric parameters. This has been also pointed out in Ref. [15] .
Knowing σv rel , from the procedure outlined previously, and by calculating the functions g(T ), h(T ), h ′ (T ) we can have the prefactor λ(x) appearing in Eq. (5). At high temperatures, or same large values of x = T /mχ above the freeze-out temperature, the function q(x) approaches its equilibrium value q 0 (x) (see Eq. 5). A convenient and accurate method for solving the Boltzmann equation is the WKB approximation employed in
Ref. [17] . This relies on the observation that λ(x) is a rather large number of the order of 10 8 or so or even larger in some cases. Thus to first order in 1/λ, an approximate solution
). Certainly the smaller the ratio
is, the better q approximates the real solution. This excludes very low values of x and therefore can not be used to calculate q(x) at T 0 ≈ 2.7 0 K. However it can be used to provide a proper boundary condition in order to solve Eq. (5) . In our approach we find a point x 0 for which q ′ 0 2λq 2 0 becomes small, say 1/10. At this point therefore one has q(x 0 ) = 1.1 q 0 (x 0 ), which can serve as an appropriate boundary condition to solve the Boltzmann equation. The problem one encounters then with the Boltzmann transport equation, is that it falls within the category of the so-called stiff differential equations. For its solution we make use of special routines found in IMSL FORTRAN library, which are eligible to handle stiff differential equations of this kind.
As said before, we have in mind minimal supersymmetry with universal boundary conditions at the unification scale for the soft breaking parameters, and radiatively induced EW symmetry breaking. Therefore the arbitrary parameters are: m 0 , M 1/2 , A 0 and tan β. The absolute value of µ is determined from the minimization conditions of the one-loop corrected effective potential. These also determine the Higgs mixing parameter m 2 3 . The sign of µ is undetermined in this procedure and in our analysis both signs of µ are considered. Therefore in this scheme the µ value as well as m 2 3 ≡ Bµ are not inputs.
Our numerical procedure then goes as follows:
(i) Given the experimental inputs for SM fermion and gauge boson masses as well as couplings and supersymmetry breaking parameters, we first run two-loop RGE's to define physical masses and couplings of all particles involved, having as reference scale the physical Z-boson mass M Z .
(ii) We then calculate for each of the processes participating, its contribution to σv rel .
(iii) We solve the Boltzmann equation to define the relic density at today's Universe temperature T 0 ≃ 2.7 0 K, in the way we described earlier.
We certainly exclude points that are theoretically forbidden, such as those leading to breaking of lepton and/or color number, or points for which Landau poles are developed and so on. We also exclude points for which the LSP is not a neutralino, as well as points of the parameter space for which violation of the experimental bounds on sparticle masses is encountered. We use the bounds which are listed in Ref. [30] . From these bounds we have found that the chargino mass bound turns out to be the most stringent one. Details on our calculation will be published elsewhere [31] .
Before embarking to discuss our physics results we should stress that in our scheme we have not made any approximation concerning the masses or couplings of sectors which are rather involved such as neutralini for instance, which are crucial for our analysis.
Therefore we do not only consider regions of the parameter space in which the LSP is purelyB (bino) or purely a Higgsino, but also regions where in general the LSP happens to be an admixture of the four available degrees of freedom 2 . For large values of the LSP mass many channels are open, but for small values (mχ < 40 GeV) only channels with fermions, with the exclusion of top quark, in the final state are contributing. In these processes the exchanged particles can be either a Z-boson and a Higgs in the s-channel, as well as a sfermionf in the t-channel. Higgs exchanges are suppressed by their small couplings to light fermions, and sfermion exchanges are suppressed when their masses are large. Then the only term surviving, even for large values of squark or slepton masses, is the Z-boson exchange. However in the parameter region where the LSP is a bino, this is not coupled to the Z-boson resulting to very small cross sections enhancing dramatically the LSP relic density. Therefore in considerations in which the LSP is a light bino 3 , large squark or slepton masses are inevitably excluded, since they lead to large relic densities.
If one relaxes this assumption and considers regions of the parameter space in which the
LSP is light but is not purely bino, heavy squarks or sleptons may be allowed. We shall return to this later. Therefore the possibility for heavyq orl in the sparticle spectrum still exists, at the expense of having a light LSP and one of the chargino states.
We have scanned the parameter space for values of m 0 , M The case of a Higgsino-like LSP has been pursued in Refs. [21, 23] , where the dominant radiative corrections to neutralino masses are considered. Analogous corrections to couplings of Higgsino-like neutralinos to Z and Higgs bosons are important and can increase the relic density by a factor of 5, in regions of parameter space where LSP is a high purity Higgsino state [21] .
values in the intervals 0.00 − 0.08, 0.08 − 0.22, 0.22 − 0.35, 0.35 − 0.60 and 0.60 − 1.00 respectively 4 .
In the blanc area covering the right up region, the relic density is found to be larger than unity. In the area to the left of the figure, the chargino mass bound is violated.
Whenever a cross appears it designates that we are near either a pole or a threshold according to the criteria given previously. In these cases the approximations used are untrustworthy and no safe conclusions can be drawn. and hence an upper bound on Ωχ h 2 0 , which can be lower than 0.22 consistent with the upper experimental limits quoted in the introduction. On these grounds one would expect that by increasing m 0 , while keeping M 1/2 ≈ 100 GeV fixed, the relic density stays below its upper experimental limit. However, with the exception of a few cases, this is not so in all cases studied. In some of the cases, beyond a certain point along the m 0 axis, Ωχ h 2 0 exceeds the value 0.22 and starts increasing monotonically. This is due to the fact that the parameter |µ| gets large again making LSP moving towards the bino region. In this case cross sections are suppressed, since the coupling of LSP to Z-boson are negligible A 0 and tan β. Actually for large values of these parameters the light stau becomes lighter than the neutralinos. 6 These corridors of low M 1/2 and large m 0 values have been also presented in Ref. [19] . and sfermions are quite massive, and therefore the relic density is enhanced. As a further remark, we have to point out that the cosmologically allowed corridors of low M 1/2 and high m 0 values, which we have just discussed, are almost ruled out in view of newer data on chargino masses [32] , which push up the lower bound for the soft gaugino mass M 1/2 to about 130 GeV.
It is seen from Figures 1 that as tan β increases the points for which the LSP is not a neutralino increase in number. As said before, this is due to the fact that by increasing tan β the stau sfermionτ R becomes lighter, since masses of the sfermions of the third generation have a rather strong dependence on tan β. For exactly the same reasons this is also the case when we increase the soft parameter A 0 . For lack of space we do not display this case [31] .
In Figures 2, 3, 4 we plot representative outputs of the relic density as function of one of the parameters m 0 , M 1/2 , A 0 and tan β keeping the other three fixed. In Figure 2 the relic density is plotted against m 0 ; the lines shown correspond to different values for M 1/2 .
Notice that at the point where each line starts the mass of the LSP is equal to that ofτ R . In the first of Figures 4 we display the relic density as a function of A 0 . We have chosen tan β = 20. Lowering the value of tan β, keeping m 0 , M 1/2 fixed, the curves shown move upwards away from the shaded stripe, which is cosmologically accepted. In the second figure Ωχ h 2 0 is plotted as a function of tan β. One immediately notices the tendency for the relic density to decrease as tan β gets large.
Scattered plots of LSP relic density are shown in Figure 5 . The sample consists of 4000 random points that cover the most interesting part of the parameter space, which is within the limits : the masses of the LSP, the lighter of charginos, staus, stops and the light scalar Higgs: In conclusion we can say that the new stringent bound on the matter relic density shown. The grey tone region within the cosmologically allowed stripe designates the region which agrees with EW precision data.
